The interaction between urea and tetrabutylammonium acetate was investigated in dimethylformamide/ dimethyl sulfoxide solutions using 1 H and 15 N NMR. The chemical-shift behavior of the urea protons is consistent with a urea-acetate hydrogen-bonded complex involving both carboxylate oxygens and the urea hydrogens trans to the carbonyl oxygen with K assoc ) 120 ( 10. Line shape analysis of the temperature-dependent 1 H NMR spectra show that ∆G q for rotation about the C-N bond of urea changes only slightly from 11.0 ( 0.1 to 11.2 ( 0.1 kcal/mol on 1:1 molar addition of tetrabutylammonium acetate to a dilute solution of urea. A parallel investigation of the interaction of thiourea with tetrabutylammonium acetate gave a binding constant, K assoc ) 90 ( 10. The ∆G q for rotation about the C-N bond of thiourea was found to increase from 13.5 ( 0.1 to 14.0 ( 0.1 kcal/mol on 1:1 addition of tetrabutylammonium acetate to a dilute solution of thiourea in dimethylformamide/dimethyl sulfoxide. Measurements were also made of the self-association of several ureas and of ∆G q for rotation about both C(O)-N bonds of 1,1-dimethylurea.
Introduction
Dynamic NMR has been used extensively to study the rotation about the C(O)-N bonds in amides, with results generally consistent with the resonance interpretation of the delocalization of the nitrogen electron lone-pair to form a partial double bond between nitrogen and the carbonyl carbon. 1 The theoretical energy barriers for rotation about amide bonds calculated by ab initio procedures are usually lower than those determined by experiment. 2 Recently, Wiberg and co-workers 2 have indicated that the discrepancy between theory and experiment can be accounted for by solvent-amide interactions as the result of investigation of the solvent-dependence of the rotational barriers of dimethylacetamide and dimethylformamide using NMR. The activation barriers for rotation were found to depend on solvent polarity and the relationship was reasonably straightforward, except for hydrogen-bonding solvents. Preliminary work suggested that the ab initio methods can be revised to correct for hydrogen bonding, but that work was not complete. 2 Drakenberg and co-workers have shown that hydrogen bonding could be responsible for up to 2-3 kcal/mol of the barrier to rotation of amides in hydrogen-bonding solvents. 3 The ab initio calculated barriers for rotation of ureas are like those for amides, lower than the experimentally determined barriers (Tables 1 and 2) . Here, also, solvent interactions have been suggested to be responsible for the experimental barriers being 3-4 kcal/mol larger than the theoretical barriers. Unfortunately, the study of a variety of solvent effects on the rate of rotation about the C-N bond of urea itself is made difficult by the low solubility of urea in many organic solvents. So far (see Table 1 ), urea has been investigated in dimethylformamide, dimethylformamide/acetone, acetone/tetramethylurea, and dimethylformamide/dimethyl sulfoxide solutions. Across this limited range of solvents, there is little variation in the rotational barriers. Furthermore, while many amides are volatile enough to allow barriers to be measured in the gas-phase by NMR, urea is not sufficiently volatile to do gas-phase NMR at reasonable temperatures. However, there is ample reason to expect that protonation, hydrogen bonding, or complexation with Lewis acids to the carbonyl oxygen of ureas should increase the barriers to rotation about the C(O)-N bonds. 4 What is less clear, is the influence of hydrogen bonding where the amide or urea is acting as the proton donor and this is the major thrust of this investigation.
We have investigated the interaction of acetate ion with urea and thiourea following the report by Hamilton and co-workers that 1,3-dimethylurea forms trans bidentate hydrogen bonds with acetate in DMSO as shown by 1. 5 This observation is of considerable interest because of substantial complex formation even in a strongly competitive hydrogen-bonding solvent such as DMSO. The aim of the present study was to determine the effect of the expected acetate binding, as 2, 3, on the rate of rotation about the C-N bonds of urea and thiourea. Because the protons of thiourea are more acidic than those of urea, tighter binding should be expected for 3 than for 2. 5 Thus, changes in the rotational barrier for urea caused by acetate association was expected to be amplified with thiourea bound to acetate.
In addition to providing theoretical insight into the effect of hydrogen-bonding on the rotation rates about the C-N bonds of ureas, the urea-carboxylate bonding motif is of interest for the attention it has received as a structural element in new molecular catalysts. 6 Urea-carboxylate interactions have also been studied as mimics of the carboxylate-binding pocket of antibiotics such as ristocetin. 7 Figure 1 shows a typical temperature-dependent 1 H spectra, here of thiourea. Analogous spectra were observed for urea and 1,1-dimethylurea. At room temperature, rotation about the C(O)-N bonds is typically rapid and a single, time-averaged peak is observed. As the temperature is lowered, the rotation becomes slower and separate resonances appear for the N-H (or the N-CH 3 protons) trans and cis to the oxygen/sulfur. For all of these substances, the downfield signal was assigned to the N-H protons in the trans position. This assignment is opposite to that suggested by Walter, Rose, and Schaumann, 8 but is made to accord with the assignments in formamide that are based on relative coupling constants. 9 However, if one extrapolates the changes in shift of the separate N-H protons with temperature for urea beyond the coalescence point (see Figure 2 ) to room temperature, the shifts there could well be reversed.
NMR Spectra of Urea and Thiourea
Plots of chemical shifts versus temperature are shown in Figures 2-4 for urea, 1,1-dimethylurea, and thiourea. In the low-temperature regime, the trans N-H proton resonance of urea and thiourea (downfield) are shifted greatly (>1 ppm) downfield by addition of tetrabutylammonium (TBA) acetate. This large shift is an indicator of substantial hydrogen bonding as expected for 2 and 3. In contrast, the cis proton resonances are not shifted downfield by addition of acetatesindeed, they are shifted significantly upfield.
Further support for 2 comes from the chemical-shift changes with acetate binding to 1,1-dimethylurea and 2-imidazolidone. These substances cannot bind to acetate in the same way as urea, but could be expected to be able to form hydrogen-bonds as in 5 and 6.
For 2-imidazolidone, the N-H proton shift at room temperature was compared for two 50-mM 2-imidazolidone solutions in 80% dimethylformamide/20% dimethyl sulfoxide-d 6 , one containing two equivalents of TBA acetate. The added acetate shifted the N-H resonance from 6.11 to 6.28 ppm (referenced to the dimethylformamide formyl proton resonance). The downfield change in shift of 0.17 ppm is small, compared to the downfield shift of 0.91 ppm for the extrapolated N-H chemical shifts of the trans proton of less-concentrated (15 mM) urea with, and without, one equivalent of TBA acetate. Even more to the point is the fact that the extrapolated shift of the cis protons of urea, which are structurally analogous to the 2-imidazalone N-H protons, in the presence of acetate are upfield by about 0.4 ppm in comparison with the extrapolated shift without added acetate.
The chemical-shift behavior of 1,1-dimethylurea was also investigated. Two samples of 1,1-dimethylurea were made, both 50 mM in 1,1-dimethylurea in 80% dimethylformamide/20% dimethyl sulfoxide-d 6 . One of the two samples also contained 100 mM TBA acetate. At room temperature, the addition of acetate shifted the averaged N-H resonance of 1,1-dimethylurea downfield by 0.11 ppm (which compares to 0.30 ppm for urea and 1 equiv of acetate). More important are the low-temperature results where the 1,1-dimethylurea trans-and cis-N-H protons were found to be shifted downfield by 0.13 and 0.05 ppm, respectively, with added acetate. For comparison, with urea at low temperature the downfield shift of the trans proton caused by acetate addition is 1.29 ppm. The cis proton is actually shifted upfield by 0.33 ppm by acetate addition. The lack of a substantial downfield shift caused by acetate for the N-H resonances of 1,1-dimethylurea suggests that any hydrogen bonding between 1,1-dimethylurea and acetate is weaker than between urea and acetate.
Self-Association
Because urea is not sufficiently soluble to study selfassociation in non-polar solvents, 1,3-dimethylurea was used as a model compound. The slopes of the changes in proton shift with temperature in the fast-rotation regime are rather uniform and amount to about -4 to -10 ppb/K for urea and 1,1-dimethylurea, Figures 2 and 3, as well as thiourea, Figure 4 . Earlier, the suggestion was made that an important part of the shift change with temperature for urea could arise from temperature changes in the magnitude of torsional oscillations about the C-N bond. 10 The evidence reported here suggests that changes in hydrogen bonding are likely to be more important, even though it is well established that smaller shift changes with temperature occur where hydrogen bonding is not important, as for N,N-dialkylamides. 11 In the first place, the changes in shift with temperature are in the direction expected for increasing hydrogen 12 and do not differ greatly from the -6 to -10 ppb/K for the temperature coefficients of amide proton resonances in extended-chain peptide and protein structures and the smaller temperature coeefficients of about -4 ppb/K for amides not accessible to solvent or hydrogen bonded in tighter protein environments. 13 Second, although, as mentioned earlier, the slopes of the shift changes with temperature do not differ much, the intercepts do change substantially with concentration. Third, as Figures 2-4 show, the cis and trans protons do not have the same slopes, which is consistent with differential hydrogen bonding involving these different types of protons. Finally, the constancy of the shifts of the trans-protons of thiourea in the slow-rotation regime, as seen in Figure 4 , when complexed with the higher concentration of acetate ion, indicates saturation of the hydrogenbonding below about 310 K. With the lower concentration of acetate ion, saturation is not evident, and the shift to lower field continues as the temperature is decreased. Figure 2 shows that the change in shift with temperature of 1,1-dimethylurea is almost twice that of urea itself as is consistent with a surprising larger ∆H for association with the solvent, or self-association, involving the dimethyl compound.
Comparision of Figures 3 and 4 shows that there is an apparent difference in behavior of urea and thiourea with temperature as a function of concentration. Thus for thiourea, the 15 and 100 mM correlation lines, with no acetate, overlap almost completely while, with urea, the 15 and 500 mM concentration curves have different intercepts and different separations in the slow-rotation regime but essentially the same slopes. These differences are expected, at least in part, to be the result of self-association, and because self-association will depend on the square of the concentrations, assuming other things are the same, changes in the positions of the urea signals at 500 mM compared to those of thiourea at 100 mM could be enhanced by a factor of 25. Presumably, thiourea would show similar behavior at 500 mM concentrations.
Urea and Thiourea Binding to Acetate
Binding constants were determined experimentally for ureaacetate and thiourea-acetate binding by measuring the chemical shift changes of solutions in 80% dimethylformamide/20% dimethyl sulfoxide-d 6 with constant amounts of (thio)urea and varying amounts of tetrabutylammonium acetate at 298 K. The resulting isotherms are shown in Figure 6 . The equilibrium constants, K assoc , obtained by nonlinear regression using an iterative computer program written in True BASIC, were 120 for urea binding to acetate (∆G ) -2.8 kcal/mol) and 90 for thiourea binding to acetate (∆G ) -2.6 kcal/mol).
The difference in relative stabilities of 2 and 3 is quite small and surprising considering that Hamilton and co-workers 5 observed an almost 10-fold greater stability of the 1,3-dimethylthiourea complex 4 over the urea complex 1. This was rationalized by the greater acidity of the thiourea protons. 5 With 2 and 3, not only is the difference in stability small but also urea appears to form the more stable complex. However, the effect seems too small to permit a convincing rationalization.
Barriers to Rotation
Complete line shape analysis of the NMR spectra of urea and thiourea provided rates of rotation. Computer-generated line shapes and the determined rate constants for rotation appear alongside the experimental spectra in Figure 1 . Straightforward applications of the Eyring equation and the Arrhenius equation provided the energy parameters summarized in Table 3 .
Our values for the ∆G q for urea are in good agreement with previous results as Tables 1 and 3 reveal. The ∆G q of 13.5 kcal/mol for thiourea rotation in the absence of acetate is slightly larger than the previously reported values, which range from 12.0 kcal/mol in acetonitrile 8 to 13.1 kcal/mol in pyridine-d 5 . 14 It is interesting that we and Martin and co-workers 4 despite substantial differences in coalescence temperatures, find that ∆G q for rotation about the C(O)-N(CH 3 ) 2 bond (11.0 kcal/ mol, 10.6 kcal/mol 4 ) of 1,1-dimethylurea in dimethylformamided 7 solution is nearly the same as for the C(O)-NH 2 bond (10.6 kcal/mol, 9.8 kcal/mol 4 ). Such is not the case for dimethylformamide 15 and formamide, 16 where the barrier for dimethylformamide is 4 kcal/mol larger (although there are differences in solvent). This difference is expected because a -N(CH 3 ) 2 group should be better able to accommodate a positive charge resulting from delocalization of its electron pair than a -NH 2 group (thus ∆σ R + of the -NH(CH 3 ) 2 group is -1.75 and that of the -NH 2 group is -1.61). 17 The smaller difference with 1,1-dimethylurea is sure to be the result of steric hindrance as also befits the substantially lower barrier to rotation around the C(O)-N bonds than for urea or thiourea. If the steric interaction between the trans hydrogen on the -NH 2 group and the trans methyl of the -N(CH 3 ) 2 group turns the methyl out of the C-N-C(O)-N-H plane, then the delocalization of the lone pair of the nitrogen connected to that methyl will be diminished and that of the -NH 2 lone pair will be increased. A priori, one might expect that the NH 2 group would be easier to push out of the plane. However, this could be more inimical for the NH 2 group as far as hydrogen-bonding to DMSO-DMF than would for the -N(CH 3 ) 2 group. The result would be an increase in ∆G q for rotation around the C(O)-NH 2 bond. The reverse situation is observed for ureas when the steric hindrance is less and for 1-methylurea (87% with the methyl cis to the oxygen), the ∆G q for rotation around the C(O)-NH 2 bond is about 9.8 kcal/mol, while ∆G q for rotation from the cis to the trans configuration of the C(O)-NH(CH 3 ) bond is 12.3 kcal/mol. 4 Only small increases in ∆G q (less than 1 kcal/mol) were observed with added acetate for both urea and thiourea. A larger increase in ∆G q might be expected on addition of acetate on the basis that rotation would require breaking of at least one bond in the trans bidentate complex. However, much depends on the position of equilibrium for 2 and 3 relative to the monodentate bonding as 7.
The fact of the matter is that there is no compelling evidence that 2 and 3 are much more stable than 7a and 7b. The NMR evidence can only tell us that, if 7a and 7b are present, they must be in rapid equilibrium. One could argue that, if monodentate 7a and 7b are important, then binding to the cis-hydrogens analogous to 6 should also be significant, but this would ignore both our experimental evidence on the NMR shift changes that occur on acetate binding to 2-imidazolidone and the greater acidity of the trans protons expected in analogy with the E, Z equilibrium of carboxylic acids. 18 However, it does seem that formation of 7a and 7b should act to decrease the barrier to rotation of the non-hydrogen bonded NH 2 by altering the balance in the competitive conjugation of the two NH 2 groups with the carbonyl group. Formation of a hydrogen bond to a hydrogen attached to nitrogen should release electron density to that nitrogen and thus enhance both electron delocalization of that nitrogen's lone pair and its barrier to rotation. But increased delocalization of the electron pair on this nitrogen would act to decrease the double-bond character of the nonacetate complexed C-N bond. On this basis, it is perhaps not surprising that the increases in ∆G q for rotation are not large, despite the substantial equilibrium constants for complexation.
The overall increase in ∆G q with acetate concentration is as expected for equilibrium association. The rate of rotation of thiourea is slowed somewhat more by acetate than for urea, even though urea appears to form a slightly more stable complex with acetate. This difference could reflect differences in the equilibria for 2 and 3 with structures like 7a and 7b.
There are trends in the other activation parameters (Table  3) , but the substantial uncertainties preclude definitive conclusions. Generally, addition of acetate causes an increase in ∆H q . If the acetate complexes have structures 2 or 3, instead of 7a a 7b, then in order for rotation to occur, hydrogen bonds must be broken, so there should be a favorable activation entropy change and an activation enthalpy price to pay in going from 2 or 3 to the transition state. However, the values of ∆S q do not seem to have a clear pattern, although one should expect increases on addition of acetate because, whether rotation occurs by the complexes 2 or 3 dissociating into two species, or by opening to 7a or 7b, there should be more degrees of freedom to the transition state than in the ground-state acetate complex.
In this study of the hydrogen-bonding effects, solubility constraints required use of hydrogen-bond accepting solvents, specifically dimethylformamide/dimethyl sulfoxide. Obviously, hydrogen bonding to the solvent competes with hydrogen bonding of urea to acetate. However, the interactions of the ureas with the solvent are surely less effective than with acetate as is shown by the equilibrium constants for formation of 2 and 3 or of 7a a 7b.
15 N Chemical Shifts
For an alternative assessment of the effect of added acetate in solutions of urea, 15 N NMR chemical shifts were measured of 15 mM 15 N 2 -urea, with or without 15 mM tetrabutylammonium acetate in dimethylformamide/dimethyl sulfoxide-d 6 as a function of temperature (Figure 7 ). With acetate, the nitrogen resonance of urea was upfield by 1.2 ppm at room temperature and 1.8 ppm at 212 K relative to urea without acetate. These changes are consistent with structures 2 and/or 7a a 7b, provided that hydrogen bonding, on the average, causes the nitrogen lone-pairs to become more delocalized and thus make d 1,1-Dimethylurea, data for rotation about the C(O)-N(CH3)2 bond in DMF-d7. e These values are particularly subject to experimental error because the chemical-shift differences in the slow-rotation regime are smaller than for the NH2 groups. f 1,1-Dimethylurea, data for rotation about the C(O)-NH2 bond in DMF-d7. the nitrogens more positive as the result of more C-N double bond character. Generally, a positive double-bonded nitrogen has a reduced second-order paramagnetic effect at the 15 (Figure 7) , -307.10 and -305.90 ppm, respectively, one predicts: ∆G q ) 11.18 kcal/mol for 15 mM urea and 11.45 kcal/mol for 15 mM urea in the presence of 15 mM TBA acetate. The agreement is reasonably good and the small predicted difference between urea alone and urea with acetate (0.3 kcal/mol) is consistent with our measurements (Table 3 ). For 1,1-dimethylurea in dimethylformamide solution, δ 15 N is -314.66 ppm for the dimethyl nitrogen and -307.53 ppm for the unsubstituted nitrogen. 20 These values combined with a steric effect 4 I s of 1, lead to predicted ∆G q values for rotation of 7.79 and 9.38 kcal/ mol, respectively. These values are both somewhat larger and less widely separated than we observed experimentally. A different algorithm 20 suggests respective values of E A of 6.6 and 9.0 kcal/mol, and these fit well with our values of 7 ( 1 and 9 ( 1 kcal/mol (Table 3) .
Conclusions
In this work, we have attempted to unravel influences on the rates of C-N bond rotations in urea and thiourea where these entities act as hydrogen-bond donors rather than hydrogen-bond acceptors in solvents that, of necessity, are hydrogen-bond acceptors themselves. By studying the effects produced by acetate ion as a competitive hydrogen-bond acceptor, we have shown it is not likely that the differences between ∆G q values for bond rotations predicted by ab initio calculations and those measured in solution are wholly due to solvent-urea or solvent-thiourea interactions.
Experimental Section
Sample Preparation. The ureas and thiourea were commercial materials and were dried in a vacuum desiccator overnight over phosphorus pentoxide prior to use. Urea, enriched 99.7% at both nitrogens, was purchased from Isotec. Tetramethylammonium and tetrabutylammonium acetates, from Aldrich, were stored and handled in a dry box. Deuteriodimethylformamide, dimethylformamide, and deuteriodimethyl sulfoxide were dried over molecular sieves overnight prior to use. Anhydrous dimethylformamide was obtained from Aldrich.
NMR Spectra. Variable-temperature NMR spectra were taken with a Bruker AM-500 NMR spectrometer. All other NMR spectra were taken with the same Bruker AM-500 or with a GE QE-300 NMR spectrometer. For variable-temperature experiments, the NMR probe temperature was calibrated using either the proton-shift difference between the OH and CH 3 resonances of methanol (200 K to room temperature) or the proton-shift difference between the OH and CH 2 resonances of ethylene glycol (room temperature to 400 K). The In the case of the line widths, this corrects as well as possible for temperature changes in quadrupole broadening of 14 N. Experimental spectra were matched to computer-simulated spectra by τ until a visual match was found as shown in Figure 1 . The estimates of τ are believed to be (5% or better. The Arrhenius and Eyring parameters were calculated in the usual way with the Eyring transmission coefficient assumed to be unity. Uncertainties were calculated for the 95% confidence level.
